The detection and location of leaks in pipeline networks is a major problem and the reduction of these leaks has become a major priority for pipeline authorities around the world. Although the reasons for these leaks are well known, some of the current methods for locating and identifying them are either complicated or imprecise; most of them are time consuming. The work described here shows that cepstrum analysis is a viable approach to leak detection and location in pipeline networks. The method uses pressure waves caused by quickly opening and closing a solenoid valve. Due to their simplicity and robustness, transient analyses provide a plausible route towards leak detection. For this work, the time domain signals of these pressure transients were obtained using a single pressure transducer. These pressure signals were first filtered using discrete wavelets to remove the dc offset, and the low and high frequencies. They were then analysed using a cepstrum method which identified the time delay between the initial wave and its reflections. There were some features in the processed results which can be ascribed to features in the pipeline network such as junctions and pipe ends. When holes were drilled in the pipe, new peaks occurred which identified the presence of a leak in the pipeline network. When tested with holes of different sizes, the amplitude of the processed peak was seen to increase as the cube root of the leak diameter. Using this method, it is possible to identify leaks that are difficult to find by other methods as they are small in comparison with the flow through the pipe.
Introduction
Pipelines are the most important way of transporting fluid from one place to another. They play an important role over many years, providing a safe means of conduit. These pipes are ubiquitous and may have to operate under adverse conditions (weather, soil chemical, vibration, pressure or bad installation). Many leaks occur in pipelines, for example, according to an international survey, 25-40% of water in pipe networks is lost in leaks [1] . The position and leakage rate from pipes is unpredictable, so pipeline owners and operators are looking for a simple, high accuracy method to find the location of leaks and blockages in their pipelines. Ideally, any leak detection method should be fast, accurate and cheap to employ; it should also be able to detect and locate the existence and position of very small leaks. Finally, it should not interfere with the normal operation of the pipeline processes [2] .
Leak detection techniques may be classified into two categories: external and internal methods. The external methods detect the leak by looking for signs of it outside the pipeline; an example of this is visual inspection. The internal methods, such as internal inspection try to find the leaks from inside the pipe. In this category are included a panoply of mathematical, computation and signal processing methods such as the volume balance. Some of these methods are based on pressure transients and use of some form of measuring instrument for data capture [2] .
Any change in the steady-state operating condition of a fluid system can provide a pressure wave that propagates in a pipeline at the speed of sound in the medium. The geometric properties of the system, such as network configuration and the existence of hydraulic components and also the characteristics of the flows in the pipes determine the conditions for this wave propagation. The speed of the sound is related to the density of the medium, pressure, temperature and the elasticity of the pipe material and can be calculated using standard formula. Both pipe flexibility and the presence of a second phase will lower the speed of sound in the pipe [3] . Wave speeds in water vary from about 1500 m s -1 for rigid pipes to fractions of a metre per second for very flexible pipes such as blood vessels.
A pressure wave can be caused by an effect known as water hammer [3] . This occurs when a valve is closed rapidly and a positive pressure wave is generated at the valve that propagates upstream. Another wave, negative this time and known as a rarefaction wave, is also created, and will travel downstream. As any feature in the pipeline (such as a junction, a pipe end or a leak) causes discontinuities in the fluid flow, some of these pressure waves are reflected and return to the valve at the speed of sound in the medium and arrive back at the valve some time after the original wave has been caused. Each time the wave passes the feature, some of it is transmitted onwards and some of it is reflected back towards the valve. The reflected wave will be weak in comparison with the initial one which was caused by the valve closure [4] . Large leaks yield major changes in pressure gradients and these larger disturbances to the flow in the pipe are easy to detect. However, small leaks are more difficult to identify, and in these conditions various types of signal analysis can be employed to distinguish the presence of these features.
There are many techniques available for leak detection and location, for example Silva et al [5] used an on-line computational technique where the data from the transient caused by a leak occurring would be detected by a computer which displays the pressure transient plot and allows the leak location to be identified. This method relies on the fact that the pressure wave generated by a leak is accompanied by a sudden drop in pressure. Brunone and Ferrante [6, 7] investigated leak detection and location based on unsteady pressure waves initiated by the closure of a upstream valve. In their work, the analysis of the time history of pressure during a transient event allowed the location of a leak to be determined by measuring the time for a pressure wave to travel from the leak point to the measurement section. Mepsha et al [8] used the transfer matrix method to carry out the frequency response analysis of several systems with and without leaks.
Liou [9] used the cross-correlation approach to locate the position of a leak using the first reflection of the pressure wave from the disturbance in the flow profile caused the leak. Beck et al [10] [11] [12] also employed an analysis technique based on cross correlating the signal to find the length of each of the pipes in a network. By using the fact that each change in gradient of the cross correlation indicates an event, they were able to use more of the wave than that which would just identify the first reflection. With models and experimental work they showed that it was possible to find the lengths of all the pipes in a network. They also used the method to identify leaks in a network, both around bends and also when the leak was separated from the pressure transducer by junctions. One of the most powerful features of this type of work was that by analysing the signals and looking for features in the time domain, no calibration was required.
The present paper is the continuation of those investigations by Beck et al. They started using discrete wavelets to analyse simulated signals which produced plausible results [13] . However, when they applied them to real signals, no useful results were produced. This was because as the wave travels around the system, it spreads out and becomes less sharp due to a fluid effect known as dispersion [14] .
To overcome this problem, another analysis technique was used, that of the cepstrum [15] . Cepstrum is an anagram of 'spectrum' and is a technique for nonlinear signals that is used in a variety of applications. This function originated in 1963 when Bogert et al were working on a signal containing an echo and they observed that the logarithm of the power spectrum of this signal has additive periodic component. When they took the Fourier transform of this logarithm they saw some peaks in signal in echo points and called this function, cepstrum. A short introduction to the use of this method to analyse the reflection of waves in fluid-filled pipelines has briefly been described by Beck et al [16] . In the previous cepstrum analysis work by the Sheffield group, air was used instead of the water used here.
The new work uses cepstrum techniques to analyse a series of different pipe networks, both with and without leaks. This shows that as the leak is introduced and moved, the analysed signal moves in response. There is also a demonstration that as the leak becomes larger, the amplitude of the peak in the cepstrum corresponding to this feature also increases.
Cepstrum analysis
Fundamentally, cepstrum is defined as the Fourier transform of the logarithm of the Fourier transform [15] .
Mathematically: cepstrum of signal = FT (log(FT(the signal))) Algorithmically: signal → FT → log → FT → cepstrum where FT indicates the Fourier transform.
There are two types of cepstrum, power cepstrum and complex cepstrum. The latter is reversible back to the time signal and is a good tool for detection of local singularities within a pressure time history. The complex cepstrum is defined as [15] 
where A{f } is the complex spectrum of a{t}. It can be represented in terms of the amplitude and phase at each frequency by
Taking the complex logarithm of equation (2) gives
where j = √ −1 and φ(f ) is the phase function. This complex function of frequency with the logarithm of amplitude as the real part and phase as the imaginary part is inverse transformed in equation (3) to give the complex cepstrum. In the context of cepstrum analysis, the time parameter is referred to as quefrency [15] . Cepstrum can detect periodic structures in the logarithmic spectrum. It has the ability to detect families of both harmonics and sidebands with uniform spacing. Cepstrum is also capable of separating the source and transmission path effects, bringing to the signal the effect of deconvolution, as explained in [15] .
Experimental method
The experimental tests were conducted in a T-shaped pipeline network which was constructed from copper pipes with an internal diameter 12.6 mm and a wall thickness of 0.5 mm. The basic configuration of the network is shown in figure 1 . Each of the arms of the network was of different length, initially being 8.5, 9 and 11 m long and joined together by a simple three-way connection. To vary the parameters that were being tested, the 9 m pipe was later increased to 14 m.
To supply a constant water pressure to the system, the inlet to the pipeline was connected to a large upstream reservoir (water tank) where the head was kept constant. Both outlets of the pipelines were connected to free surface tanks such that the water from the pipe ends discharged into them underwater. This was so that the wave entering the tanks encountered a sudden expansion and the negative pressure wave was reflected back down the pipe with a minimum of change. Ends that are open to the air give a very poor reflection as the free surface has a long time constant.
To introduce the effect of leaks into the system, a number of short pipes with a variety of circular holes (from 0.35 mm to 6 mm) were installed at various locations in the network. The flow was controlled by a solenoid valve which was installed at the inlet to the main pipeline and which, in turn, was connected to the reservoir using a flexible hose. The solenoid valve was controlled by a signal generator with a square wave at a frequency of 0.5 Hz and peak-to-peak amplitude of 20 V.
The time history of the pressure was captured using a pressure transducer located near the valve. This was connected to a simple data acquisition system which sampled the pressure at a frequency of 1 kHz. The data acquisition was triggered to start when the solenoid valve closed and the pressure wave started to travel along the pipes. Each run lasted for five cycles, or 10 s, so 10 000 data points were acquired, on which the analysis was performed. In order to filter noise from the signals, and also to remove any offset, the orthogonal wavelet transform (OWT) was employed [17] . The OWT allows an input function to be decomposed into a set of independent coefficients with a coefficient corresponding to each of the orthogonal basis elements. One powerful feature of discrete wavelet analysis is that if all the levels are summed, the original signal is produced. For 10 000 data points, the signal was decomposed to 13 wavelet levels by the OWT. The offset and the basic response of the system were in the low frequency wavelet levels 0-2. The highest wavelet levels, 9-12, contained the highest frequencies, which were mostly noise. These levels were therefore discarded. So, OWT levels 3-8 were recombined into a signal that contained the reflections, but not the main system response or the noise; the OWT approach has effectively worked a special band pass filter. These filtered data were then analysed using the cepstrum technique. The output from the cepstrum was a series of peaks, each of which occurred when the signals matched up with earlier ones. Because the cepstrum uses a moving Fourier transform, as the wave spreads out due to dispersion, the reflections can still be tracked as both the outgoing and reflected waves change. This allows the cepstrum to be able to identify the reflections even as their characteristic frequency changes. The time delay of the peaks corresponds to the travel time of the wave from the valve to the feature and back again.
Results and discussion
A typical captured signal is shown in figure 2 . This shows that the opening and closing of the valve produced transients which are transmitted and reflected around the pipe system, all the while being attenuated through both friction and the various features in the pipe network. The results of the experiments are from pipe networks both with leaks of different sizes and without a leak. The processed results of the first experiment using the pipe network without a leak are shown in figure 3 . There are three main features in the network that reflect the waves, being the junction and the two pipe ends. Each peak seen in the analysed results corresponds to the time that the wave takes to travel along the pipe to the reflection point and return to the measuring point. The distance of the reflection points from the pressure transducer is obtained simply by multiplying the time delay data corresponding to each of the peaks by the speed of sound in the pipe (c = 1447 m s -1 ) and halving this to account for the return journey. The results along with the errors are shown in table 1.
Next, the system was run with a 2 mm diameter leak which was positioned 9.5 m from the valve (see figure 1) . The results from the analysis of this experiment shown in figure 4 demonstrate that there is a new peak which corresponds to the leak. For the next experiment, the leak size was increased to 4 mm, and its position retained. The results show in figure 5 that this larger diameter hole increased the amplitude of the analysed peak from the leak. The results along with the errors are shown in table 2. The analysis of these results reveals that the first reflection point relating to the junction has the highest amplitude. From the definition of cepstrum, it is clear that the height of the peak of the cepstrum is related to the energy of the waves. The fact that increasing the leak size increases the peak implies that this creates greater discontinuities in the flow.
It should be noted again that when the wave arrives at the junction, some of it is reflected back and some will continue down the pipeline. During this process, it will also lose some of its energy and thus the amplitude of the wave in each of the branched pipes must be smaller than that approaching the junction. If one of these branches has a leak, some of the wave is reflected at the position of the leak and the rest continues to the end point of the pipeline network.
To show that the peaks extracted by the cepstrum analysis were actually related to the geometry of the pipeline, the length of pipe 2 was increased from 9 to 14 m and the leak point was located 14 m from the measuring section, as shown in figure 1 . The experiment was again conducted; the results of the analysis are shown in figure 6 and the related tabulated data displayed in table 3. This table shows that the ends of the pipes, the junction and the leak points have again been identified within a reasonable accuracy. It can be seen that as the geometry of the pipeline network is altered, the processed results change to reflect this fact. This indicates that the analysis technique is actually identifying features from the pipeline. 
Effect of leak size on cepstrum amplitude
Another series of experiments was then conducted using leaks varying in diameter from 0.35 to 6 mm. The amplitude ratio (amplitude of the cepstrum of the leak divided by the amplitude of the cepstrum from the junction after the leak) for each of the leaks was then calculated. Five experiments were recorded for each of these diameters. The amplitude ratio was then raised to the negative one-third power; this is because the power of a flowing fluid is proportional to the cube of its velocity. Then, ignoring the largest and smallest datum for each diameter, a straight line was fitted to the results, which is shown in figure 7 . As the leak size increases from 0.35 to 6 mm, the amplitude of the reflected wave has increased with the third power of the leak diameter. In conjunction with the time domain analysis described above, this means that it is possible not only to identify the position of a leak, but also to quantify its size. It should be noted that the amplitude of the reflection from the smallest leaks was hard to identify and if the authors had not known where to look, it could have been a spurious peak.
Cepstrum, cross correlation and wavelet analyses compared
In previous publications [10] [11] [12] , the Sheffield group has described a technique using the same basic method of creating and acquiring transient waves, but analysed them using a crosscorrelation technique. Using this approach it was possible to find and identify reflection points. Even in its most refined form [12] it was still clumsy to use and required finding a single suitable wave to correlate with the acquired signal. It then required double differentiation to extract the reflection points. The resulting peaks were not very sharp and reflection points were most easily extracted by comparison with a trace without a leak. By contrast, the cepstrum technique is easier to use as it only requires filtering the acquired trace with the Wavelet software and then performing the cepstrum analysis using Matlab. The peaks are much sharper and have a more defined time at their peak. As any wave in a viscous fluid spreads out by dispersion, the outgoing and incident waves all spread out, so the cepstrum is always able to find the reflections as it is comparing one spread out wave with another that has undergone the same type of dispersion. The cepstrum is able to do this as it follows the wave using a type of moving window process.
Dispersion is also a problem that has prevented the Sheffield team from using a wavelet-based approach to finding features in real pipeline systems, even though it worked well on modelled, non-dispersive waves. As the wave spreads out, its characteristic frequency drops, and its signature in the wavelet domain drops to lower levels. This obviates its identifying of clear peaks in the frequency domain; the signature of a given feature appears as a smear as opposed to a clear set of peaks [16] .
Conclusions
In this paper, a technique based on the analysis of pressure waves through fluid-filled pipelines in order to detect leaks was investigated. Even though it has been known for a long time that the cepstrum method is a powerful one for identifying periodic events in signals, it has not previously been applied in a systematic way to the problem of identifying features in a pipeline system. It is worth noting that filtering the signal using wavelets is a useful method of removing both noise and offset from the signal; however, any suitable method of removing these could be used, and the authors are aware that a lot of work has been conducted into the effect of noise on signals.
The work described here has shown that, with suitable filtering, this method can identify features on a simple Tshaped pipe network. The features that caused a reflection and have been analysed and then identified are a junction, the pipe ends and various sizes of leak. To show that the method was actually picking up features, the geometry of the system was altered and after processing the signal, it was shown that the peaks had moved to reflect this change.
When the leak size was increased, the amplitude ratio of the peak increased monotonically with leak size. Furthermore, the experiments indicated that it actually varies as the third power of the diameter of the leak. Taken together, this should allow the method to be developed to identify the existence, position and size of a leak. Work is continuing to improve the accuracy and reliability of the method and also to test it on more complicated systems. However, the basic concept appears to be sound and the methods aired here should form a basis for a viable, commercial leak detection and identification system.
